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largely	 relied	on	 rectilinear	 correlations,	 yielding	 inconsistent	 results.	Based	on	
concepts	borrowed	from	natural	selection	theory,	we	propose	that	trait–competi-
tion	relationships	can	generally	correspond	to	three	univariate	selection	modes:	
directional	 (a	 rectilinear	 relationship),	 stabilising	 (an	n-shaped	 relationship),	 and	
disruptive	 (a	 u-shaped	 relationship).	 Moreover,	 correlational	 selection	 occurs	












3.	 Leaf	 dry	matter	 content	 (LDMC)	was	 consistently	 subjected	 to	 negative	 direc-
tional	selection	in	both	experiments	as	well	as	to	stabilising	selection	among	tem-









tant	 component	 of	 plant	 competitive	 ability	 not	 accounted	 for	 by	widely	 used	





More	 recently,	 quantitative	 functional	 traits	 have	 also	 been	 rec-
ognised	as	 important	drivers	of	both	community	assembly	and	eco-
system	 processes	 (Keddy,	 1992;	 Lavorel	 &	 Garnier,	 2002;	 McGill,	










environments	 precluding	 generalisation	 and	 identification	 of	 traits	
that	 could	be	broadly	 linked	with	 competitive	 ability	 (Craine,	2005;	





vidual	 to	 limit	 the	performance	of	a	neighbouring	 individual	 (i.e.,	 a	









upon	 a	 functional	 trait	within	 a	 population:	 directional,	 stabilising,	















































(when	 positive)	 selection;	 ε	 is	 an	 error	 term	 associated	 to	 species	
i.	 These	basic	 selection	modes	 are	 also	 referred	 to	 as	 “univariate”	






sure	 univariate	 linear	 and	 nonlinear	 selection	 on	 trait	 j	 (see	 e.g.,	
Phillips	&	Arnold,	1989).	This	multivariate	approach	allows	 for	 the	





to	 traits,	 from	1	 to	n,	 and	estimated	θjk’s	 are	 those	where	 j<k	 (cfr.	
equation	3	 in	Phillips	&	Arnold,	1989).	For	 instance,	 in	 the	case	of	
four	 traits	 (n	=	4),	 six	 interaction	 coefficients	would	 be	 estimated,	
namely θ12,	θ13,	θ14,	θ23,	θ24,	 and	θ34.	 Interaction	coefficients	 (also	
known	as	cross-product	terms)	measure	whether	selection	on	one	
trait	 ( j)	 depends	 on	 the	 values	 of	 another	 (k)	 and	 vice	 versa.	 This	


















rical	 and	 the	 tallest	 species	 become	 the	 best	 competitors	 (Givnish,	
1987;	Kunstler	et	al.,	2016;	Westoby,	Falster,	Moles,	Vesk,	&	Wright,	
2002).	Stabilising	 (optimum)	selection	may	occur	when	two	or	more	















In	 this	 work,	 we	 are	 particularly	 focused	 on	 the	 competitive	
effects	 of	 neighbours	 on	 a	 target	 species	 (or	 “phytometer”).	We	
thus	measure	competitive	ability	(Yi)	as	an	inverse	function	of	tar-
get	 species	 performance	 (Sackville	Hamilton,	 1994).	We	 test	 our	




used	 functional	 traits	 (see	 e.g.,	 Pérez-Harguindeguy	 et	al.,	 2013).	













to	which	 the	 three	univariate	 selection	modes	 (directional,	 stabi-
lising	 and	 disruptive)	 based	 on	 species-level	 trait	 values	 can	 ex-
plain	 individual-level	 competitive	 effects.	 Further,	 the	 temperate	
herbaceous	plants	dataset	contained	a	 relatively	 large	number	of	
species	characterised	by	a	small	number	of	traits	providing	us	the	
necessary	degrees	of	 freedom	 to	 fit	 the	 full	 quadratic	 regression	
(Equation	1)	and	evaluate	the	relative	strength	of	correlational	se-
lection	of	species-level	competitive	effects.
2  | MATERIAL S AND METHODS
2.1 | Desert annual plants dataset
This	dataset	contained	species-level	trait	values	and	individual-level	

















4  |    Journal of Ecology ROLHAUSER Et AL.










annuals	 frequent	 in	an	open	shrubland	 (31°43′18″S,	68°08′17″W)	
located	in	the	central-northern	Monte	Desert,	Argentina	(hereafter	
called	“the	study	site,”	Rolhauser	&	Pucheta,	2016).	The	target	spe-








periment	 (i.e.,	both	 target	and	neighbour	plants	 in	each	pot)	origi-
nated	from	seeds	contained	in	soil	and	debris	(see	below)	collected	
in	 the	 study	 site.	Water	 sheet	 flow	 in	 the	 field	 accumulates	 large	
amounts	of	non-dormant	seeds	of	desert	annuals	in	naturally	occur-
ring	obstructions	or	dams	 (Rolhauser,	2015).	 In	 these	dams,	 seeds	
are	mixed	with	soil	and	other	coarse	material	transported	by	water	













stage	 (see	 below),	 we	 watered	 the	 pots	 whenever	 the	 superficial	
substrate	of	at	 least	one	pot	 lightened	(a	sign	of	water	deficit),	 re-








When	 possible	 (i.e.,	when	more	 than	 one	 individual	 of	 the	 neces-






At	 this	 stage,	 larger	plants	 started	shading	 those	 in	adjacent	pots.	




of	pots	within	each	block	was	 randomised.	This	 resulted	 in	 a	 ran-
domised	incomplete	block	design	since	the	number	of	replicates	was	
not	equal	across	neighbour	species	(see	the	resulting	assignment	of	
pots	 into	 blocks	 in	 Table	 S3	 in	Appendix	 S1).	 Towards	 the	 end	 of	
April	2014,	all	remaining	individuals	had	seeded	and	many	of	them	
had	 already	begun	 to	 senesce,	 therefore	we	decided	 to	 terminate	























timing	 (between	 November	 2010	 and	 March	 2014)	 and	 place	 (in	








2.2 | Temperate herbaceous plants dataset
This	dataset	contained	species-level	estimates	of	both	 trait	values	
and	 competitive	 effects.	Data	 on	 the	 competitive	 effects	 of	 tem-
perate	herbaceous	species	 living	 in	eastern	Ontario,	Canada,	were	




Precambrian	 gneiss,	 old	 fields	 with	 shallow	 soils	 over	 limestone,	
rock	barrens	over	Precambrian	gneiss,	 and	alvars,	which	 are	envi-
ronments	characterised	by	shallow	soils	over	flat	limestone	(Nielsen,	
1993).	All	 collection	 sites	were	 located	within	 the	 cool	 temperate	
ecoclimatic	province	of	Canada	(Strong,	Zoltai,	&	Ironside,	1989).
The	experiment	had	a	replacement	design	similar	to	ours,	where	
Trichostema brachiatum	 (Lamiaceae;	 hereinafter	 referred	 to	 as	



















on	 a	 quadratic	 regression	 framework	 (Equation	1),	 our	 general	 ap-
proach	 consisted	 of	 using	 stepwise	 variable	 selection	 to	 find	 the	
best	 combination	 of	 traits	 to	 explain	 neighbours’	 competitive	 ef-
fects.	Competitive	effects	of	neighbour	species	i	were	calculated	as	





able	 degrees	 of	 freedom	 allowed	 fitting	 a	 full	 initial	 model,	 while	
forward	 addition	 was	 performed	 when	 this	 was	 not	 possible	 (see	
below).	The	importance	of	model	terms	was	assessed	based	on	the	


















by	 collinearity	 and	 the	 simplest	 remedial	measure	 is	 to	 drop	 them	
from	the	model	(Kutner,	Nachtsheim,	Neter,	&	Li,	2005).
For	the	desert	annual	plants	dataset,	Tribulus	 ln(1/Bi)	was	mod-
elled	as	a	 function	of	neighbour	 traits	using	multiple	Gaussian	 lin-
ear	 mixed-effects	 models	 (i.e.,	 assuming	 normal	 errors)	 using	 the	
function	 lme	 of	 the	 package	 nlme	 in	 r	 (Pinheiro	 &	 Bates,	 2000).	
Functional	 traits	 (standardised	 to	 zero	 mean	 and	 unit	 variance)	
and	 harvest	 date	 (centred)	 were	 modelled	 as	 fixed	 effect	 predic-
tors,	whereas	blocks	were	included	in	all	models	as	random	effects.	







For	 the	 temperate	 herbaceous	 plants	 dataset,	 the	 response	
variable	was	proportional	 to	Trichostema	 ln(1/Bi).	Originally,	Keddy	













terms,	 and	 all	 possible	 interactions	 between	 stress	 treatment	 and	
trait-related	 terms.	 This	 model	 was	 simplified	 through	 backward	
elimination	(Appendix	S3).
We	 also	 described	 the	multivariate	 functional	 variation	 across	
the	species	in	each	dataset	using	principal	component	analysis	based	
on	standardised	single	functional	traits	(see	Appendix	S2).	We	used	

















is,	epartial,ij = ρij + ei	(Fox	&	Weisberg,	2011).	Partial	residuals	epartial,ij 
are	then	plotted	against	predictor	j.	In	our	case,	ρij	for	trait	tj	equals	
α + βj tij + γjtij







on Tribulus	 –quantified	 as	 ln(1/Bi)–	 included	 LDMC,	 LS,	 potential	









































small	 cells	with	 thick	walls	which	would	 confer	 leaf	 elasticity	 and	
TA B L E  1  Statistical	summaries	of	the	best	trait-based	and	PC-based	models	explaining	the	competitive	effects	in	a	pot	experiment	of	10	
annual	species	that	are	frequent	in	a	site	within	the	Monte	Desert	(Argentina)
Model Variable Estimate SE df t value p value VIF
Best	trait-based,	
AICc	=	251.9
Harvest	date −0.028 0.003 1/110 −10.78 <0.0001 1.02
Leaf	dry	matter	content −0.387 0.099 1/110 −3.92 0.0002 3.80
Leaf	size −0.141 0.113 1/110 −1.25 0.2133 5.16
Leaf	size2 −0.223 0.062 1/110 −3.59 0.0005 1.91
Plant	height 0.413 0.132 1/110 3.12 0.0023 7.11
Specific	root	length −0.304 0.118 1/110 −2.57 0.0115 5.79
Best	PC-based,	
AICc	=	261.8
Harvest	date 0.142 0.062 1/112 −10.04 <0.0001 1.02
PC1 −0.142 0.125 1/112 2.28 0.0244 4.35
PC3 −0.131 0.069 1/112 −1.14 0.2582 7.23












Specific	 root	 length	 represents	 a	 trade-off	 between	 resource	
acquisition	and	the	associated	dry	mass	costs	of	building	and	main-





tissue	 density	 tend	 to	 have	 higher	 longevity	 (Pérez-Harguindeguy	
et	al.,	 2013).	 Our	 results	 showed	 a	 negative	 directional	 selection	
on	SRL.	Given	our	pulsating	watering	system,	we	speculate	that	the	
higher	 competitive	 ability	 of	 low-	 vs.	 high-SRL	 species	 may	 have	
been	 the	 result	 of	 (a)	 faster	water	 extraction	 from	 the	 soil	 during	
pulses	 via	 thicker	 roots	 and/or	 (b)	 the	maintenance	 of	 active	 root	
systems	during	inter-pulses	via	more	resistant	roots.	Overall,	these	
results	indicate	that	a	seemingly	conservative	strategy	underground	
(i.e.,	 low-SRL)	may	be	 coupled	with	 an	 acquisitive	 strategy	 above-












gas	 exchange	 and	 heat	 dissipation	 (Givnish,	 1987;	Westoby	 et	al.,	
2002).	Our	results	indicate	that	taller	plants	may	have	outcompeted	









dominate	 the	 open	 spaces	 among	 shrubs	 (Rolhauser	 &	 Pucheta,	





plants.	 Interspecific	 differences	 in	 such	 responses	 across	 years	
(Angert	et	al.,	2009),	coupled	with	 limited	seed	dispersal	 (Venable,	
Flores-Martinez,	Muller-Landau,	Barron-Gafford,	&	Becerra,	2008)	
might	 counterbalance	 the	 competitive	differences	 found	here	 and	
possibly	explain	annual	species	coexistence	at	our	study	site.












Amaranthus standleyanus;	B:	Boerhavia diffusa	(exotic);	E:	Euphorbia 
catamarcensis;	F:	Flaveria bidentis;	G:	Gomphrena martiana;	P:	















Specific	 leaf	 area	 represents	 the	 trade-off	 between	 potential	
growth	(maximised	in	high-SLA	leaves)	vs.	leaf	longevity	(maximised	
in	low-SLA	leaves;	Westoby	et	al.,	2002).	In	addition,	low-SLA	leaves	
tend	 to	 have	 higher	 photosynthetic	 rates	 per	 unit	 area	 at	 high	 ir-





port	 for	 this	 negative	 relationship	within	 large-leaved	 species	 but	
not	 within	 small-leaved	 species.	 Here,	 large-leaved,	 low-SLA	 spe-
cies	were	 the	most	 competitive	 possibly	 because	 they	maximised	
both	light	interception	and	assimilation.	Keddy	et	al.	(2002)	arrived	
at	 a	 similar	 conclusion	based	on	 the	observed	positive	 correlation	




bly	 cheaper)	may	have	 somewhat	 compensated	 the	overall	 loss	 in	
light	interception.	That	is,	plants	with	high	SLA	and	low	LS	may	have	
managed	 to	 achieve	 intermediate	 levels	 of	 competitive	 ability	 not	
because	they	overtopped	and	shaded	target-species	individuals	but	
due	to	a	rapid	use	of	soil	resources	in	pots.
Overall,	 these	 results	 seem	 to	 agree	 with	 what	 might	 be	 ex-
pected	from	the	distribution	of	species	across	environments	in	the	
field.	 The	most	 competitive	 species	 appear	 to	 be	 adapted	 to	 pro-
ductive	 environments	 (via	 low	 LDMC,	 low	 SLA,	 and	 large	 leaves,	
such	 as	 Cirsium arvense)	 while	 those	 with	 low	 competitive	 ability	
(characterised	 by	 high	 LDMC,	 high	 SLA	 and	 large	 leaves,	 such	 as	
Carex pensylvanica)	may	be	better	 adapted	 to	more	 restrictive	en-
vironments.	Consistently,	the	former	were	mostly	collected	in	open	
Variable Estimate SE df t value p value VIF
Leaf	dry	matter	
content
−0.692 0.131 1/67 −5.27 <0.0001 1.44
Leaf	dry	matter	
content2
−0.277 0.110 1/67 −2.52 0.0140 1.57
Specific	leaf	area −0.420 0.119 1/67 −3.54 0.0007 1.18
Leaf	size 0.160 0.114 1/67 1.41 0.1637 1.08
Specific	leaf	area	
*	leaf	size
−0.315 0.138 1/67 −2.28 0.0260 1.18
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fields	with	 deep	 soils	whereas	 the	 latter	were	mostly	 collected	 in	
shallow-soils	environments	(Nielsen,	1993).
4.3 | Strengths, limitations, and future directions
Our	approach	provides	standardised	metrics	of	both	univariate	and	
bivariate	 nonlinear	 selection,	 along	with	widely	 used	 estimates	 of	
linear	 selection.	We	 believe	 this	 functional	 flexibility	will	 improve	
descriptions	of	trait–performance	relationships	that	may	help	reveal	
the	“function”	 in	functional	 traits	 (McGill	et	al.,	2006;	Rolhauser	&	
Pucheta,	2017).	Further,	standardisation	may	allow	simple	compari-










environments	 (Grime,	 2006).	 This	 stance	 can	 be	 mechanistically	
sustained	 on	 the	 fundamental	 morpho-physiological	 constraints	
and	 trade-offs	 that	 shape	 individuals’	 ability	 to	 acquire	 and	 retain	
resources	 and	 thus	 make	 competitive	 ability	 environment-depen-
dent	 (Aerts,	 1999;	 Austin	 &	 Smith,	 1989;	 Tilman,	 1990).	 On	 the	
contrary,	disruptive	selection,	and	more	generally	community-level	
multimodal	trait–fitness	relationships	(Laughlin	et	al.,	2015),	require	
within-site	 environmental	 heterogeneity	 and	 niche	 differentiation	







sidered	 in	 studies	 focused	on	 trait–competition	 relationships	 (e.g.,	
Freckleton	&	Watkinson,	2001;	Gaudet	&	Keddy,	1988;	Goldberg,	
1996;	Gross	 et	al.,	 2009;	Keddy	et	al.,	 2002;	Kunstler	 et	al.,	 2016;	
Rosch	et	al.,	1997;	but	see	Liancourt,	Tielborger,	Bangerter,	&	Prasse,	
2009).	 Our	 findings	 thus	 support	 the	 notion	 that	 different	 traits	




ones	 shown	here,	may	go	unnoticed	 in	 studies	 that	 fit	models	 for	
each	trait	separately.
Further,	 considering	 correlational	 selection	 in	 the	 temperate	
species	experiment	uncovered	changes	 in	the	functionality	of	SLA	
that	depended	on	LS.	This	pattern	may	deserve	further	examination	







Our	 results	 from	 the	 desert-annuals	 experiment	 showed	 that	




plain	 individual	performance	 in	a	 competitive	context,	despite	 the	
scatter	 introduced	 when	 analysing	 individuals	 instead	 of	 species.	
Theoretically,	a	better	understanding	of	individual-level	competitive	
ability	would	be	 achieved	using	 trait	 values	 of	 interacting	 individ-











all	 other	 variables	 remain	 constant	 and	 are	 thus	 contingent	 to	
the	observed	 structure	of	 phenotypic	 covariation	 (Mitchell-Olds	
&	 Shaw,	 1987).	 Such	 contingency	 would	 be	 particularly	 import-
ant	for	correlative	studies	if	fitness	peaks	in	adaptive	landscapes	
change	across	environments	and	in	time	(see	Laughlin	&	Messier,	
2015).	 Conclusive	 evidence	 on	 the	 causation	 of	 selection	 needs	
the	addition	of	experimental	manipulations	(Mitchell-Olds	&	Shaw,	
1987;	Wade	&	Kalisz,	 1990).	Manipulations	 of	 trait	 distributions	
should	be	aimed	at	generating	uncorrelated	phenotypic	distribu-
tions	 across	 all	 traits,	 although	 this	may	be	 increasingly	difficult	
as	 the	 number	 of	 traits	 increases.	 Environmental	 manipulations	
would	help	uncover	the	agent	of	selection	through	the	analysis	of	
environmental	effects	on	the	shape	of	fitness	functions	(Wade	&	




experimental	 manipulations	 can	 either	 be	 impractical	 or	 overly	
unrealistic,	so	that	research	programmes	combining	both	observa-
tional	and	manipulative	studies	may	be	most	constructive	(Keddy,	
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